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Batch and Continuously Operated Electrooxidation Process
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Abstract: The treatment of aqueous phenol solutions is studied using the electrooxidation process with boron
doped diamond (BDD) electrodes. The reduction of phenol concentration is followed by measurements of
UV-Vis spectrophotometry and COD. Parameters affecting the efficiency of the electrooxidation process,
such as solution pH, applied current density, initial phenol concentration, flow rate and conductivity are
investigated. Effective and complete removal of phenol (>99 %) is achieved from solutions with initial phenol
concentration of 100 mg/L in both, batch and continuously operated process.
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1. Introduction

Phenol and its derivatives constitute a serious environmental problem as they are particularly toxic
pollutants for aquatic flora and fauna. These compounds are released to the environment from various
industrial activities: petroleum, petrochemicals, pharmaceuticals, paper mill, plastics and food
processing units. Phenolic compounds are recalcitrant to conventional treatment methods and are
classified in the priority list of hazardous chemical compounds. Several treatment methods for removal
of phenol have been proposed, such as biological treatment [1], adsorption [2,3], oxidation [4] and
photochemical degradation [5].

Electrochemistry offers new solutions for efficient destruction of toxic and recalcitrant organic
compounds, such as phenol [6-10]. The advanced electrochemical oxidation processes (AEOPS), such
as electro-Fenton [11-13] and electrooxidation with dimensionally stable anodes (DSA) are based on
the formation of the powerful oxidizing agent, the hydroxyl radical OH* and are, therefore, emergent
and promising processes for pollution abatement.

The boron-doped diamond (BDD) electrode is one of the most state of the art currently available
DSA-type electrodes with the highest anodic potential of 2.85 Volts concerning oxygen development
in aqueous solutions. When diamond electrodes are used for electrolysis of water, the most powerful
intermediate oxidizing agents develop, such as free hydroxyl radicals (OH"), ozone (Os), hydrogen
peroxide (H202) etc. In addition, atomic chlorine (CI°) or peroxodisulfate ions (S20s%) can be formed,
dependent on the electrolyte contained in the treated water or wastewater e.g. NaCl or NaSO4 . BDD
electrodes are also chemically and mechanically stable and, compared to other electrodes are the most
suited for performing AEOPs with very high current efficiencies [14, 15]. AEOPs are characterized by
the production and use of these powerful oxidizers for the oxidative destruction of organic substances.

Several researchers reported the anodic oxidative destruction of phenol either in a batch wise [16-
18] or in a continuously operated electrooxidation process [19-21]. As far as we are aware no other
paper appeared in literature up to know combining the two operation modes.

In this work we studied the oxidative degradation of phenol from agueous solutions by anodic
oxidation at BDD anodes in both, batch wise and continuously operated processes. All parameters
affecting the efficiency of the electrooxidation process, such as solution pH, applied current density,
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initial phenol concentration, temperature, flow rate, conductivity and time of electroprocessing were
tested and optimal conditions investigated.

2. Materials and methods
Chemicals

Phenol, NaxSO4, H.SO4 and NaOH were of analytical grade (Merck). pH was adjusted with 0.1 M
solutions of H2SO4 and NaOH as required. A stock aqueous phenol solution of concentration 1000
mg/L was prepared by dissolution of the appropriate amount of phenol in deionized water and sample
solutions by dilution.

Apparatus

A laboratory model DC power supply apparatus (Agilent E3612A, USA) was used to maintain
constant DC current and measurements of voltage and current. Conductivity was measured by means
of a conductometer (inoLab Cond. Level 1, WTW). The solution pH was measured by a WTW pH-
meter.

Electrochemical cell

The batch electrolysis was conducted at room and elevated temperature in a cylindrical glass cell of
500 mL in which 250 mL of wastewater were placed and slowly stirred with a magnetic bar at 500
rpm. A graphite plate cathode (Graphite, Germany) and a BDD plate anode (DiaCCom, Germany) of
size 10 cm x 5 cm x 0.2 cm immersed to a 6 cm depth with an effective area of 30 cm? each were used
as electrodes in the experiments. The inter-electrode distance was 1 cm. The continuous
electrooxidation experiments were carried out in a self made flow-through cell with same electrodes (a
graphite cathode and a BDD anode), a flow meter and a peristaltic pump.

Samples were extracted every 10 min and filtered using Whatman filter paper (Grade 40) and
brought to analysis.

Analytical procedure

UV-VIS Spectrophotometry (HITACHI U-2000, Japan) was used for spectroscopic determination
of phenol concentrations by analyzing the color resulting from the reaction of phenol with 4-
aminoantipyrine at 500nm. Samples were filtered using polytetrafluorethylene filters with a pore size
of 0.45 um (Whatman). All analyses were carried out in duplicate for reproducibility. The chemical
oxygen demand (COD) was analyzed using a COD reactor (Thermoreaktor TR 420, MERCK) and a
direct reading spectrophotometer (Spectroquant Pharo100, MERCK).

Conductivity was measured by means of a conductometer (WTW). The pH and the temperature
were measured using a Hanna pH-meter. Both, batch and continuous electrochemical processes have
been conducted. The wastewater was circulated by a peristaltic pump.

The percentage removal efficiency of phenol (% R) was calculated from equation (1):

Co-Ct

%R = x100 (1)

0

where C, is the initial and C; the concentration of phenol at time t.

3. Results and discussions
Electrochemical advanced oxidation processes (EAOPS)

The boron doped diamond (BDD) electrodes are the most state of the art, currently available
electrodes with the highest anodic overvoltage of 2.85 volts concerning oxygen evolution in aqueous
solutions [16, 17]. When diamond electrodes are used for electrolysis of water, the most powerful
oxidizing agents develop, such as free hydroxyl radicals (OH™), ozone (Os), Hydrogen peroxide (H205)
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etc. In addition, atomic chlorine (CI”) or peroxodisulfate ions (S20s%) can be formed, dependent on the
electrolyte contained in the treated water or wastewater e.g. NaCl or Na,SOs respectively. BDD
electrodes are also chemically and mechanically stable and, compared to other electrodes are most
suited for performing EAOPs with very high current efficiencies. EAOPs are characterized by the
production and use of hydroxyl radicals for the oxidative destruction of organic compounds.

According to reaction equation (2) for the complete oxidation of one molecule phenol 28 OH"
radicals are involved, which of course originate from equivalent water molecules oxidized at the BDD
anode:

CsHsOH + 280H* —» 6C0, + 17H,0 (2)

Batch wise electrooxidation process
The batch wise operated electrooxidation process is affected by several factors, such as pH, applied
current density, initial phenol concentration and time of electroprocessing.

Effect of pH

The pH value of the treated solution has a marked effect on the efficiency of phenol and phenolic
compounds degradation by the electrooxidation process [21]. In order to show the dependence from
initial solution pH, the electrooxidation process was tested at three different initial pH values of 5, 7
and 9 using 250 mL, solution volume with initial phenol concentration 100 mg/L, room temperature 25
OC and constant current density 20 mA/cm?.

As illustrated in Figure 1, the degradation of phenol occurs slightly faster at pH 7 followed at pH 5
and pH 9. This pH dependence of the electrooxidation process efficiency should be attributed to the
number or the stability of the produced hydroxyl radicals. Our results are in good agreement with the
findings of Weiss, 1956 [22] and Buxton et al., 1988 [23], who reported a marked reduction in the
stability of free hydroxyl radicals, OH*in both, acidic and alkaline solutions, due to following
reactions (3-5), in acidic region:

H*+ OH* - H, 0" (protonation) 3)

H,0" + H,0 — H,0"-H,0 (hydration) (4)

and in alkaline region:
OH*+ OH™ -0~ + H,0 (5)

Figure 1. Residual phenol
concentration versus time
at various pH values
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Effect of applied current density
For selection of the optimal applied current density, measurements were performed with constant
initial phenol concentrations of 100 mg/L, pH 7, room temperature 25 °C and various current densities
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20-80 mA/cm?. According to investigations of Kraft et al. 2003 [14], Troster et al. 2002 [15] and
Martnez-Huitle et al. 2014 [24], an increased current density generates more hydroxyl radicals and
other strong oxidizing agents and accelerates the electrooxidation process. It can be seen in Figure 2
that for the applied current densities of 20, 40 and 80 mA/cm?, the corresponding electroprocessing
times for complete destruction of phenol are 90, 30 and 10 min. It implies that an increase in current
density brings about not only a proportional but a relatively higher increase in generation of free
hydroxyl radicals and therefore, a more accelerated oxidative destruction of phenol. This is indicated
by the much shorter needed electrolysis times than the proportional. The corresponding electrical
energy consumptions for the above three applied current densities are 29.92, 23.87 and 18.47 kWh/m?3
respectively. Namely, less electrical energy is consumed at higher than at lower current densities due
to the substantially higher increase of the electrochemically generated hydroxyl radicals and therefore,
the far shorter time needed for completing the electrolysis.

100 —=— 20 mA/cm2)|
—e— 40 mA/cm2
\ —a— 80 mA/cm2

Figure 2. Residual phenol
concentration versus time
at various current densities
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Effect of temperature

In our previous work [25] we reported complete removal of recalcitrant hydrocarbons and COD
from petroleum wastewater by anodic oxidation with BDD electrodes at the elevated temperature of 60
OC. Rocha et al., 2012 [26] also reported accelerated and complete anodic destruction of organics in
petroleum wastewater with BDD electrodes at 60 °C. In this work the anodic degradation of phenol
was investigated at three different temperatures of 25, 40 and 60 °C. Figure 3 shows that the
corresponding complete removal of phenol is actually accelerated as temperature rises and occurs in
90, 70 and 50 min of electroprocessing time. It is accepted that increased temperature favors phenol
oxidation due to increased and faster indirect reaction of phenol with the electrogenerated strong
oxidizing agents from the treated solution.

Figure 3. Residual phenol
concentration versus time at
various temperatures
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Effect of initial phenol concentration

To demonstrate the effect of initial phenol concentration and the time required for the quantitative
COD removal, a set of experiments were conducted with three different solutions containing phenol
concentrations of 100, 50 and 25 mg/L with the measured COD values of 221, 112 and 52 mg/L
respectively. The solutions were treated at a constant current density of 20 mA/cm? and room
temperature 25 °C. Figure 4 shows the variations of the initial COD with time. The three different
initial COD concentrations of 221, 112 and 52 mg/L were completely removed after 90, 50 and 30
respectively. According to Figure 4, no direct correlation exists between COD concentration and
removal efficiency. Certainly, for higher COD concentrations longer time for removal is needed, but
higher initial concentrations were reduced significantly in relatively less time than lower
concentrations. The electrooxidation process is more effective at the beginning when the concentration
is higher than at the end of the operation when the concentration is low. This can be explained by side
reactions of the OH* radicals. Due to lower concentration of phenol at the end of treatment, the highly
reactive hydroxyl radicals undergo recombination of two OH* to form H.O..

—a— 25 mg/L
—e— 50 mg/L
—4— 100 mg/L

Figure 4. Residual COD versus
time at various initial phenol
concentrations
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Continuous electrooxidation process

The continuously operated electrooxidation process is affected by the same parameters as the batch
process and furthermore from wastewater flow rate, solution conductivity and residence time.

Effect of flow rate

Higher flow rates entail lower residence times. Consequently, the flow rate influences the final
residual concentration and the removal percentage of phenol in the outlet stream [27]. As obtained
from Figure 5, for flow rates 20-40 mL/min the residual outlet concentration of phenol increases from
0 to 22.3 mg/L, while the removal percentage drops from >99 to 77.6 %.

100 . 100
0\.\
80 .\'\ L 80 . .
Figure 5. Phenol concentration
- g and removal percentage in outlet
£ ™ 2 stream versus flow rate
T 40+ - 40 §
20 ___—t2 :)"
//-/.
./l
0 . 0
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Flow rate (mL/min)
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To secure almost complete removal of phenol (>99 %) and negligible concentration in the outlet
stream the current density and the applied voltage must proportionally be increased. Table 1 shows the
corresponding current densities, voltages, residence times, electrical energy consumption and removal
percentage of phenol for the applied flow rates 20-40 mL/min. The experiments were conducted each
time by constant flow rate and proportionally constant voltage in order to keep an almost constant
current density. It can be seen in Table 1, that by doubling the flow rate e.g. from 20 to 40 mL/min
also the current density must almost be doubled from 80 to 160 mA/cm? and this can occur by
appropriately increasing the applied voltage and the electrical energy consumption. By increasing the
current density the cell voltage and flow rate increase proportionally, while the residence time
decreases. In this way, the removal percentage of phenol, expressed as COD, is hardly affected and
remains high over 99 % respectively in all experiments.

Table 1. Continuous electrooxidation at various flow rates and constant ratio
of current density to flow rate

Flow rate Current density Voltage Residence time Energy COD removal
(mL/min) (mA/cm?) V) (min) consumption (%)
(KWh/md)

20 80 8.72 12.50 17.44 >99

24 96 9.21 10.41 18.40 >99

28 112 9.74 8.93 19.48 >99

32 128 10.26 7.81 20.51 >99

36 144 10.77 6.94 21.52 >99

40 160 11.23 6.25 22.46 >99

Effect of conductivity

Increased conductivity facilitates the electrochemical treatment of solutions by reducing the applied
voltage and therefore the electrical energy consumption [28]. Experiments were conducted with the
constant flow rate of 20 mL/min, constant current density of 80 mA/cm? and various solution
conductivities 5000 to12500 puS/cm. Table 2 shows the corresponding variations of applied voltage and
energy consumption. The removal percentage of phenol, expressed as COD, is here again hardly
affected and remains constant over 99 %.

Table 2. Continuous electrooxidation at constant flow
rate and various solution conductivities

Conductivity Voltage Energy COD removal
(nS/cm) V) consumption percentage
(KWh/m?) (%)
5000 11.05 22.12 >99
7500 8.72 17.44 >99
10000 6.86 13.63 >99
12500 5.24 10.35 >99

4. Conclusions

Toxic and recalcitrant compounds, such as phenol can effectively be destroyed by anodic oxidation
with dimensionally stable BDD electrodes. Both, batch wise and continuously operated
electrooxidation processes eliminate the concentration of phenol in the treated aqueous solutions to
over 99 %. Increased applied current density and near neutral pH accelerate the electrooxidation
treatment and significantly reduce the electrical energy consumption. The continuous electrooxidation
process can operate with various flow rates and produce phenol free outlet streams, provided that the
ratio flow rate/current density is kept constant. A proportional increase of the solution conductivity
brings about a significant drop in the electrical energy consumption without affecting the concentration
of phenol in the outlet stream.
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